Introduction
Flows of immiscible liquids are encountered in a diverse range of processes. In the petroleum industry, oil and water are frequently transported together in wells and pipelines. A lot of studies on particular liquid-liquid flow systems, e.g., low-viscosity oil-water flow [1] [2] [3] [4] [5] [6] [7] [8] , highviscosity oil-water flow [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , specific flow regimes such as stratified flow 22, 23 , dispersed flow [24] [25] [26] [27] [28] and core annular flow [9] [10] [11] [29] [30] [31] [32] [33] [34] [35] [36] , have been reported in the literature. These studies greatly contribute to our understanding of liquid-liquid flows. Brauner 37 In general, except for stratified flow and dispersed flow, intermittent flow (oil slugs/plugs, large oil drops in water) and/or core annular flow are encountered for low-viscosity unequaldensity oil-water flow in small diameter horizontal pipes.
High-viscosity oil-water flow
Since the experiment of Charles et al. 6 , experiments on high-viscosity oil-water flow have been carried out due to the great potential of core annular flow in transporting heavy crude oil.
Ooms et al. 9 conducted experiments on high-viscosity oil-water flow in horizontal pipes. Oil viscosities investigated by the above authors varied from 2 300 to 3 300 mPa·s in a 2 inch . Arney et al. 12 conducted experiments on high-viscosity oil-water flow in a horizontal pipe (I.D.=16 mm) using waxy crude oil (stable water-in-oil emulsion) and No. 6 fuel oil (viscosity 2 700 mPa·s). The test section was a glass pipe of 6.35 m length. Core annular flow with oil fouling clots on the pipe wall, termed as 'oil sticks to the wall' by the above authors was observed at low input water volume fraction. With increase of the input water volume fraction, nearly perfect core annular flow, wavy core annular flow, and oil plugs in water were observed. It is noted that the above authors also reported that originally a transparent PVC pipe was used. The pipeline was cleaned regularly with detergent and water. This method worked well with the waxy crude oil, but not for the No. 6 fuel oil. The No. 6 fuel oil tended to adhere to the wall of the PVC pipe and the oil clots formed could not be cleaned from the pipe wall with detergent and water. The PVC pipe section was changed to the glass pipe as the glass was preferentially wetted by water. Oil fouling on the wall of the glass pipe could be removed by running clean water through the pipe. McKibben et al. 13, 14 investigated heavy oilwater flows in horizontal steel pipelines with short glass sections for visual observation.
Laboratory experiments were conducted in pipelines with internal diameters of 53 and 105 mm using high-viscosity lube oil and crude oil. They found that at low mixture velocities and/or low water fractions there exists an intermittent phase where water intermittently reduces the pressure gradient of heavy oil flow and associated this phase with water slugs which envelop some oils. They also observed continuous water-assisted flow with oil fouling layer on the internal pipe wall at high velocities and/or water fractions. Apart from the laboratory experiments, McKibben et al. 14 also conducted field tests in a filed pipeline (I.D.=80.4 mm; length 1 336 m). Core annular flow with oil fouling layer on the pipe wall, or continuous waterassisted flow as termed by the above authors, was found to be achieved provided the water fraction and the mixture velocity were high enough. Bannwart et al. 15 reported flow patterns of heavy oil-water flow in experiments carried out in a flow loop comprising both vertical and horizontal test sections (glass pipe, I.D.=28.4 mm). The oil (viscosity 488 mPa·s) and water were introduced concentrically via an injection nozzle. Basic flow patterns observed in the horizontal pipe were core annular flow, large oil drops in water, and dispersed oil lumps in water. Grassi et al. 16 conducted experiments on oil-water flow in both horizontal and slightly inclined (up to ±15°) polycarbonate pipes (I.D.=21 mm) using oil with a viscosity around 800 mPa·s. Core annular flow and dispersed oil in water were found to be the major flow patterns;
oil slugs/plugs in water and stratified flow were also observed under a few limited flow conditions. No substantial differences were found with change in inclination angles. It should be noted that the specific phase configuration of dispersed oil in water for high-viscosity oilwater flow is different from that for low-viscosity oil-water flow in the degree of dispersion.
Emulsion or fine dispersed drops of one phase in the other phase is developed in low-viscosity oil-water flow, while the dispersed oil in water defined by Grassi et al. 16 shows the characteristic that the oil is dispersed into lumps with varying sizes. Sotgia et al. 17 reported their experimental investigation on oil-water flow in horizontal pipes of Plexiglas and Pyrex (I.D. varies from 21 to 40 mm) using oil with a viscosity around 900 mPa·s. Flow patterns observed are similar to those reported by Grassi et al. 16 Sridhar et al. 18 conducted experiments on high-viscosity oil-water flow in horizontal and slightly inclined steel pipelines. The oil used has a viscosity range from 200 to 1 100 mPa·s. The basic two flow structures observed are stratified flow and core annular flow. More specific flow nomenclatures were used by the authors depending on whether there were dispersed oil drops at the interface and whether oil fouling film on the pipe wall was observed. Al-Awadi hand of the figure illustrate the phase configurations without and with oil fouling on the pipe internal wall, respectively. As introduced above, oil fouling film on the inner wall of the pipe was observed in some experiments in a wide range of phase flow rates 13, 14, [18] [19] [20] [21] or in limited flow rates 12, 16 , while not observed (or not reported due to different focus of interest) in some other experiments [9] [10] [11] 15, 17 . This is much likely to be associated with the wettability of the pipe wall to the fluids (i.e., pipe material, wall roughness and fluids property) and the experimental method and procedure (e.g., whether special injection device is used to favor the formation of CAF at the injection point; whether water/detergent is regularly used to wash the pipe; the sequence of the phase injection; and the experimental run time). For the above experiments conducted in glass pipes which are normally hydrophilic and have a small degree of wall roughness, oil fouling was not reported 15 or only observed at limited flow conditions 12 . Also noted is that special care was taken in those experiments to reduce the chance of oil contact to the pipe wall, e.g., introducing the fluids into the pipe in the form of core annular flow via an injection device. For the experiments conducted in steel pipelines 13, 14, 18 , oil fouling on the pipe wall was observed despite the fact that clean steel pipes are normally hydrophilic 40 . This might be related to a higher degree of wall roughness for steel pipes, the use history of the pipes such as being used to transport oil and the experimental procedure. For experiments conducted in Perspex or other types of plastic pipes which are normally hydrophobic, oil fouling was not observed/reported in some studies 9, 10, 17 , while different degree of oil fouling was observed in some other studies 16, [19] [20] [21] . Differences in the degree of the wall wettability to the fluids and the experimental procedure (whether special procedures was used to reduce the possibility of fouling) can be the sources of different observations. For industrial operations of water-lubricated heavy oil transport, oil fouling on the pipe wall is inevitable. The hydrodynamic stability of water-lubricated flow is robust even when oil wets the wall. 30 It is also noted that core annular flows with different characteristics are illustrated in Figure   3 . More concentric CAF is reported for oils with higher densities and/or higher flow rates.
Eccentric CAF is normally observed for oils with relatively lower densities and/or under higher water content. Besides, droplets may form at the interface of the phases. 
Experimental Campaign and Results
Though there is adequate experimental data on flow regimes of low-viscosity oil-water flow in the literature, experimental data on flow regimes of high-viscosity oil-water flow is quite limited due to the fact that many studies on high-viscosity oil-water flow focus on core annular flow thus other flow regimes are not covered or reported. An experimental campaign on highviscosity oil-water flow (two oils, oil viscosity range between 3 300 and 16 000 mPa·s) in a horizontal pipe (I.D.=26 mm) was conducted to collect experimental data on flow regimes.
The experimental set-up is shown in Figure 4 . The main part of the test rig where the flow is developed and the flow information is collected is a horizontal flow line with a length of 5.5 m; this section is made from transparent Perspex for the purpose of visual observation. During tests, the flow was recorded using a digital HD video camera recorder (Sony HDR-CX550V).
Detailed description of the experimental set-up and procedure is reported in Shi. can be related to the wall wettability of the pipe wall to the fluids and the experimental procedure. In this study, no special care was taken to avoid contact of oil to the pipe wall for the purpose of being more similar to industrial operations. More specifically, the fluids were mixed via a Tee junction; the pipe was not cleaned frequently with detergent to remove the oil fouling film on the pipe wall. To have an idea on the wall wettability to the fluids, a rough qualitative test was conducted by dropping small drops of oil and water via a syringe onto a Perspex plate and observing the contact angels between the solid wall and the liquids that are surrounded by air. It was showed that the Perspex material used in the experiments had a tendency to interact more with the oil used in the present study than with the water. However, it is noted that the contact angle observed in our simple test is different from that between the solid wall and a liquid phase that is surrounded by another liquid phase. A rigorous quantitative contact angle test is recommended for any future experimental investigation on oil-water twophase flow in this experimental facility. gives rise to deformation, the interfacial tension which in general counteract the deformation, and viscous stresses caused by internal flows of the oil core owing to the deformation which also counteract the deformation. The internal viscous stress is usually small for low-viscosity oil compared to the interfacial tension, and the ratio of the external force to the interfacial tension, i.e., the Weber number (We), is normally used for the description of the deformation and breakage process of a dispersed phase. As discussed by Hinze 41 , when the viscous stresses become comparable to the interfacial tension, its role in counteracting the deformation cannot be ignored. Hinze 41 used a dimensionless viscosity group = √ , where denotes the interfacial tension, the viscosity of the phase being deformed, and the density of the phase being deformed, to describe the influence of the viscosity of the phase being deformed and proposed that the critical Weber number for breakup increases with .
For high-viscosity oil, the internal viscous stress together with the interfacial tension counteract the deformation preventing the oil core from breaking up. The internal viscous stresses is higher for a higher viscosity oil. This can explain why the transition from CAF to oil plugs or lumps is delayed for a higher oil viscosity in the flow map.
Comparisons of a flow pattern map produced from the present experimental campaign with selected literature data are presented in Figures 8 and 9 . A summary of the experimental systems used for flow map comparison is descripted in Table 1 Whether this unstable inversion flow regime in the present study would become stable or develop into stratified flow in a longer pipe is not known. As the pipe diameter and the interfacial tension are similar in the two studies, the oil viscosity and density are possible factors resulting in the difference. The gravitational force due to the density difference between oil and water which makes the phases stratified is less significant in the present study than that in Sotgia et al 17 . Also the higher oil viscosity in the present study favors the formation of CAF. Another factor which might cause the difference is the fluids injection sequence. In the present study, the oil was injected into the pipe followed by water from low to high flow rate to observe the inversion from oil-continuous flow to water-continuous flow. In the study of Sotgia et al., the opposite injection sequence was applied. 17 It is shown in Figure 8 that the region of core annular flow extends as the oil viscosity increases. Also, for highly viscous oil, the stratified flow rarely develops or if it develops, its region is quite small comparing to core annular flow and dispersed oil lumps in water flow. The interface of stratified flow usually has a high curvature if stratified flow develops at limited conditions for high-viscosity oil-water flow.
The wavy stratified flow with high interface curvature can be regarded as a transitional regime to the core annular flow. When the oil viscosity is very high, the gravitational force which tends to stratify two immiscible fluids must be competing with the interfacial tension and the internal viscous stress which keep the oil interface from breaking up and tend to minimize the shear between the pipe wall and the fluids.
In Figure 9 , the flow maps from the present experiments and Trallero et al. 42 More widely, the Eötvös number (Eo) is defined as
In this paper, the notations of Eo ′ and Eo are used for specific and general context separately.
The Eötvös number is the ratio of gravitational force to surface or interfacial tension. For liquidliquid flows with a small Eötvös number, the interfacial tension plays a dominant role and core annular flow is a natural configuration which complies with the interfacial tension. For liquidliquid flows with a large Eötvös number, the gravitational force has more influence on the flow characteristics thus the flow tends to stratify. Brauner 43 
5).
A survey on the Eo ′ of different liquid-liquid flows was conducted as included in Table 2 .
We can observe that CAF tends to form in systems with low Eo ′ , while CAF can also be formed in systems with higher Eo ′ , e.g., experiments of Sridhar et al. 18 , McKibben et al. 14 and Ooms et al. 9 It is noted that when CAF is formed in flow systems with higher Eo ′ , the systems are characterized with high-viscosity oil.
The Eötvös number incorporates the parameters of phase densities, pipe diameter, and surface tension which can affect flow structures of oil-water flow. However, the oil viscosity is not included in this dimensionless number. From the above review on flow patterns of liquidliquid flows in horizontal pipes, it is demonstrated that the oil viscosity plays an essential role in phase configuration of oil-water flows. The influence of interfacial tension on phase configuration is not clearly reflected in Table 2 . The interfacial tension between oil and water varies from 0.017 to 0.062 N/m in the survey and CAF can be formed under either a high or low interfacial tension.
To include the role that oil viscosity plays in the phase configuration of liquid-liquid flows, it is proposed to use the ratio of the gravitational force to viscous force to characterize liquid- The capillary number represents the relative effect of the viscous force versus interfacial tension between two immiscible liquids (see Equation (4)). The Reynolds number represents the relative effect of the inertial force versus viscous force, and the Froude number the relative effect of the inertial force versus gravitational force (see Equations (5) and (6)). . It is noted that one exception is the study of Charles et al. 6 of which the gravitational force or buoyancy force to stratify the fluids is not affecting the phase configuration. This study is excluded in this context in our analysis due to the essential difference for density-matched liquid-liquid flow. Some studies have a gravitation to viscous force ratio range overlapping both the high and the medium categories, e.g., Russell et al. 7 and Sridhar et al. 18 , thus the reported flow patterns are among the possible flow patterns in both gravitational force dominant flow and gravitational force and viscous force comparable flow. Also, some studies have low to medium gravitation to viscous force ratios, e.g., Grassi et al. 16 and Sotgia et al. Though the turbulent kinetic energy of the oil phase increases with increase of the mixture velocity, the turbulent kinetic energy of the water phase increases at the same time and can increase more quickly with increase of the mixture velocity due to a lower viscosity. When the turbulence level in the water phase is sufficiently high, the water phase can disperse the oil phase into drops initiating the transition from oil-continuous to dual-continuous flow. The transition from dual-continuous flow to water-continuous or the completion of the inversion occurs at a higher Cw for a lower G/V caused by the increase of the oil viscosity when comparing different experimental studies. This can be explained similarly from the degree of the phase turbulent kinetic energy. To maintain a stable Do/w, the turbulence level in the continuous water phase needs to be sufficiently high to disperse the oil phase into stable small droplets. When the oil is more viscous, the water phase needs higher turbulent kinetic energy to disperse the oil phase thus the critical water volume fraction to form stable Do/w increases.
Ca = (4)
It is worth remarking that apart from the influences of oil viscosity and mixture velocity, other parameters such as the interfacial tension, phase volume fraction increase method (continuously or discontinuously) and transition direction (from oil-continuous to watercontinuous or the opposite) can also affect the transition from Dw/o to Do/w. [24] [25] [26] [27] [28] 37 It is hardly possible to include all the influences of different parameters on the inversion in one map. 
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, Sotgia et al. 17 and present study. The bold lines represents approximate transitions between SG, SGV, and SV. 
